Drinking water arsenic (WAs) exposure has been linked to a number of detrimental health outcomes including anemia, primarily among pregnant women. Little is known about the effects of arsenic (As) on hematological disorders among men. We have examined the role of As exposure on hematological indicators of anemia in a group of men exposed to a wide range of As in their drinking water. We conducted a cross-sectional investigation among 119 healthy men in the Health Effects of As Longitudinal Study (HEALS) cohort, in rural Bangladesh. The participants are part of an ongoing study focused on evaluating the influence of As and smoking on immune function. Samples were collected at recruitment and analyzed for water As, urinary As (UAs) and UAs metabolites to assess As exposure. Blood samples were also collected at recruitment and assayed immediately for hematological parameters. We found that increased WAs levels were associated with decreased red blood cell counts [β = −0.13, p b 0.0001] as well as hematocrit packed cell volumes [β = −0.68, p = 0.008] following adjustment for age, smoking, body mass index and polycyclic aromatic hydrocarbon-DNA adducts. Other measures of As exposure (UAs and its metabolites) demonstrated similar associations. Slightly stronger effects were observed among smokers. We also observed an effect of As on hemoglobin among smokers in relation to UAs [β = −0.54, p b 0.05]. Our analysis revealed effects of As exposure on hematological indicators of anemia in a group of healthy male smokers and non-smokers.
Introduction
As contamination in drinking water is a global public health problem affecting millions of people worldwide. The major arsenicals found in drinking water are the pentavalent and trivalent inorganic forms arsenate (As +5 ) and arsenite (As +3 ), respectively (Styblo et al., 2000; Naujokas et al., 2013) . As a result, exposure to these inorganic arsenicals is of particular concern from a public health standpoint (Styblo et al., 2000) . High-level As exposure has been linked with internal and external cancers, lung disease, immunosuppression, and cognitive impairment in children (Naujokas et al., 2013; Hughes, 2002; Tyler and Allan, 2014; Ferrario et al., 2016) . A few studies have also indicated an association between chronic As exposure and hematological disorders such as anemia, particularly among women during pregnancy Heck et al., 2008; Surdu et al., 2015; Kile et al., 2016) .
Anemia is characterized by reduced red blood cell counts (RBC) and decreased hemoglobin (Hgb) levels in the blood. Anemia has been linked with a number of deleterious health effects, including fatigue, increased susceptibility to infection, cognitive and motor impairments, low birth weights, and risk of maternal and neonatal mortality (Balarajan et al., 2011; World Health Organization, WHO, 2011) . A cross-sectional study of 217 Romanian women, found higher prevalence of anemia [prevalence proportion ratio (PPR) = 1.71, 95% (CI) 0. 75-3.88] , and particularly anemia during pregnancy [(PPR) = 2.87, 95% (CI) 0.62-13.26] associated with As exposure (Surdu et al., 2015) . Similarly, a follow-up study of 810 pregnant women from two Chilean cities observed increased incidences of anemia related to As exposure. This study also revealed increasing prevalence of anemia with the progression of pregnancy among As exposed as compared to unexposed women (49% versus 17%) .
We have reported that higher urinary As (N200 μg/L) was linked to low Hgb (b10 g/dL) among 1954 men and women in the HEALS cohort in Bangladesh (Heck et al., 2008) . Two studies from Bangladesh also Toxicology and Applied Pharmacology 331 (2017) 
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Toxicology and Applied Pharmacology j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t a a p reported an association between Hgb and arsenical-induced skin lesions (Breton et al., 2006; Kile et al., 2016) . In a group of 147 women, Kile et al. (2016) observed that low Hgb (b12 g/dL) significantly increased risk [(OR) = 3.32, 95% (CI) 1.29, 8.52] of As-related skin lesions among women with normal Hgb levels after adjusting for As levels in drinking water and other covariates. Interestingly, the relationship between Hgb and arsenical skin lesions was found to be gender specific in a case-control study of 900 individuals from the same area of Bangladesh. Hgb was significantly associated with skin lesions only among males with a 40% reduction in the odds of skin lesions for every 1 g/dL increase in Hgb (OR = 0.60; 95% CI, 0.49-0.73). However, no direct associations (n = 184) were observed between toenail As or UAs species and Hgb levels (Breton et al., 2006) . Although a link between smoking and anemia has yet to be established, multiple diseases caused by smoking can result in anemia (Leifert, 2008) . Several studies have found that smoking results in red blood cell hemolysis, which may be a contributing factor to anemia development (Minamisawa et al., 1990; Masilamani et al., 2016) . Conversely, smoking has also been reported to complicate the identification of anemia by increasing Hgb and hematocrit packed cell volume (HCT/ PCV) (Sagone and Balcerzak, 1975; Nordenberg et al., 1990; Anandha et al., 2014) . These studies highlight the equivocal nature of the relationship between smoking and anemia and emphasize the need for further investigations.
There is strong evidence supporting an association between drinking water As exposure and anemia among women; however, very few studies have evaluated these relationships in men. To our knowledge, no studies have been conducted to determine the effects of smoking on anemia in As exposed individuals. Taking this into consideration, the present study assessed the relationships between chronic drinking water As exposure and hematological indicators of anemia among healthy male non-smokers and smokers in the HEALS cohort who live in rural Bangladesh.
Methods

Study population
The study was implemented in the HEALS cohort, an ongoing population-based prospective cohort in Araihazar, Bangladesh, a rural subdistrict, near the capital Dhaka . The HEALS cohort was established to investigate the health effects of inorganic As (InAs) exposure from drinking water Parvez et al., 2006) . Briefly, between October 2000 and May of 2002 a total of 11,746 married (to reduce loss to follow-up) men and women were recruited between the ages of 18 to 75 years from a well-defined 25-km 2 geographical area where they had been residing for at least 3 years. The cohort was expanded to include an additional 8287 participants using the same methodology between 2006 and 2008. Most recently an additional 15,000 participants were recruited to the HEALS cohort totaling slightly over 35,000 adults. Participants in the HEALS cohort underwent demographic and lifestyle data collection using standardized questionnaires. Information on As exposure is assembled by collecting water and urine samples at multiple time points. A detailed description of the study cohort has been previously published and described .
Recruitment procedure
We adopted a similar protocol for recruiting study participants based on our past procedures. The study protocol was approved by the Institutional Review Board of Columbia University and the Bangladesh Medical Research Council. Informed consent was obtained from all participants. The study team visited the potential study participants at their home, explained the study procedure, and ascertained their eligibility criteria using a structured questionnaire. A potential list of participants for this study was formed based on As exposure, age, and smoking status from the HEALS central database. Upon further examination of the potential participants list, a number of participants were deceased, migrated out of the study area, or were suffering from a serious illness. Some eligible participants could not participate because they had taken employment out of the study area and visit home infrequently (e.g., only during weekends). A large number of participants were not eligible to participate because they stopped drinking water from wells with As concentrations (N50 μg/L). Persons identified with illnesses related to immune function and/or taking any medication that might have an impact on immune function, including medications for cardiovascular disease or diabetes were not enrolled in the study. If the participant was eligible, willing, and consented, an appointment was made for them at the field clinic. Our field team was able to identify 317 eligible participants to recruit for this study, out of which 267 participants visited our study clinic and completed the study procedure. We obtained and analyzed hematology and As exposure data from 119 individuals.
Questionnaire data, clinical examination and anthropometric measurement
Following consent to participate in the study, baseline in-person interviews were performed by trained personnel with detailed questionnaires on lifestyle characteristics. Participants were asked to provide information on demographics, medical co-morbidities, and cigarette and betel-nut usage. Questions were also answered on socioeconomic status defined by television ownership, land ownership, years of education, and occupation. Anthropometric measurements including height, weight, and blood pressure were performed using standard techniques.
Sample collection, processing, and shipment
Information on drinking water was collected at the time of recruitment. If the study participants used the same water source since 2000 and it had been tested by Columbia University in the past, then the individuals were consented into the study. Following consent, trained physicians collected a 20 mL venous blood sample and 40 mL spot urine sample from each participant.
Blood samples were collected by venipuncture using a vein in the antecubital fossa into dipotassium EDTA or sodium heparin anticoagulant tubes. Blood samples in heparinized tubes were processed immediately to isolate peripheral blood mononuclear cells (PBMC) and blood collected in EDTA tubes was used for hematology. All hematological parameters were measured immediately at the Araihazar Laboratory, Columbia University As and Health Research in Bangladesh. All the biological samples were labeled with machine-readable barcodes to maintain privacy of study participants.
Automated complete blood count (CBC)
A CBC was performed using a MYTHIC 22, a fully automated (Microprocessor controlled) hematology analyzer used for the in vitro diagnostic testing of whole blood specimens. MYTHIC 22 is an optical measurement system for analyzing up to 22 hematological parameters.
Water sample collection and measurement of As
Procedures for field sample collection and laboratory analyses are described elsewhere in detail (Cheng et al., 2004; Van Geen et al., 2005 , 2007 . Water samples were analyzed by high-resolution inductively coupled plasma mass spectrometry (HR ICP-MS) as previously described (Van Geen et al., 2007) . The analytical detection limit of the method is 0.1 μg/L; the standard deviation of a single measurement is conservatively estimated at 4 μg/L (Van Geen et al., 2005).
Urine collection, and UAs and creatinine assays
Spot urine samples were collected in 50 mL acid-washed tubes and stored at − 80°C until shipped to Columbia University on dry ice for analysis. UAs assays were performed by graphite furnace atomic-absorption spectrophotometry (GFAAS) using a Perkin-Elmer Analyst 600 graphite furnace system as previously described (Nixon et al., 1991) . The detection limit for urinary As was 2 μg/L. Urinary creatinine was analyzed by a colorimetric method based on the Jaffe reaction.
Urinary As metabolites assay
UAs metabolites were assayed by inductively coupled plasma-mass spectrometry (ICP-MS-DRC) coupled to high performance liquid chromatography (HPLC). ICP-MS-DRC was used as a detector for As metabolites chromatographically separated on an Anion Exchange Column (Hamilton PRP-X100) with 10 mM ammonium nitrate/ammonium phosphate, pH 9.1, as the mobile phase (Van Geen et al., 2002) . The excellent separation power of HPLC coupled with the very low detection limits of ICP-MS-DRC allowed us to detect InAs (i.e. As +3 and As +5 ), total monomethylarsonic acid (MMA), and total dimethylarsinic acid (DMA).
PBMC isolation from peripheral blood
Blood from heparinized tubes was transferred into two 15 mL centrifuge tubes and was mixed with approximately 14 mL sterile phosphate buffered saline (PBS); 7 mL of the mixture was layered on top of 4 mL Ficoll-Paque Plus (at room temperature; RT) and samples were centrifuged at 2700 rpm at RT for 25 min. Following centrifugation, PBMC were collected from the interface of the ficoll. Cells were diluted with sterile PBS and centrifuged, this was repeated two more times. PBMC were cryopreserved and held in liquid nitrogen until shipped on dry ice to the U.S. for analysis of PAH-DNA adducts.
Polycyclic aromatic hydrocarbon-DNA (PAH-DNA) adducts
PAH diol epoxide-DNA adducts were analyzed by competitive ELISA, using methods described previously (Divi et al., 2002) . Briefly, 96 microwell plates coated with 2 ng of benzo(a)pyrene diol epoxide (BPDE)-I-DNA (5 adducts/10 3 nucleotides) and rabbit antiserum #29 (Poirier et al., 1980) were used with BPDE-DNA as a standard. DNA was isolated from frozen PBMC samples according to standard procedure using phenol/chloroform/isoamyl alcohol. DNA was assayed for PAH-DNA adducts after sonication and denaturation by laboratory technicians blinded to exposure status. For analytical purposes, those samples with b15% inhibition are considered non-detectable and assigned a value of 1 adduct/10 8 nucleotides, an amount midway between the lowest positive value and zero. A 5% blinded duplication was carried out using those subjects with the most DNA available. As an additional quality control, a DNA sample from an animal treated with BP was also assayed with each sample batch.
Statistical analysis
Summary statistics were calculated to describe the distribution of all variables. Similarly, we used frequency tables, crosstabs, box plots, and scatter plots to better understand the distribution of the data. T-tests and ANOVA were used to detect differences in categorical and continuous variables. WAs and UAs as well as PAH-DNA adduct values were logtransformed to normalize their distributions to meet assumptions of ANOVA and to reduce the impact of extreme values in linear regression analysis. Spearman correlation coefficients were used to evaluate bivariate associations among hematological parameters and the exposure variables. We estimated associations between As exposure (water, urine and UAs metabolites) and different hematological parameters in separate linear regression models, with and without adjustments for socio-demographic characteristics, and other potential confounders (age, body mass index, smoking, length of education and PBMC PAH-DNA adducts). We repeated the same analysis among smokers and non-smokers in separate linear regression models adjusting for the same variables mentioned previously. We also examined interactions between smoking and PAH-DNA adducts for each measure of hematological parameters by including multiplicative interaction terms in the models. All statistical analyses were conducted using Statistical Analysis Software (SAS 9.4) (SAS Institute Inc.).
Results
Characteristics of the study population
The characteristics of the study population are described in Table 1 . A majority of the participants were N 50 years old (60%) and had a BMI b 25 (75%). The majority of participants had at least one or more years of schooling (70%). About half of the study participants were active smokers (46%) and N 60% were exposed to WAs levels N 50 μg/L, a drinking water standard for As in Bangladesh.
Relationships among measures of exposure
The different measures of As exposure (WAs, UAs, and InAs, MMA and DMA) were moderately correlated with each other (r-values between 0.36 and 0.52 and p b 0.0001, data not shown). However, the correlations among As exposure measures were relatively stronger among non-smokers (r-values between 0.51 and 0.62 and p b 0.0001, data not shown) as compared to smokers. A stronger significant correlation was also observed between WAs and UAs among non-smokers (r = 0.61, p b 0.0001) as compared to smokers (r = 0.40, p = 0.007). Similar associations were observed in relation to UAs metabolites. On the other hand, PAH-DNA adducts were correlated only with WAs (r = 0.40, p b 0.001) and did not differ appreciably due to smoking status (data not shown).
Relationships of As exposure and hematological parameters
In unadjusted models, significant inverse correlations were found between WAs and RBC and HCT/PCV (Fig. 1A and B) . Furthermore, a dose dependent decrease in RBC and HCT/PCV was observed with increasing WAs levels among all participants ( Fig. 2A and B) . Inverse relationships were also found between WAs and UAs with MCV (β = 0.38, 95% CI: −0.05, 1.47; p = 0.06) and Hgb (β = 0.03, 95% CI: −0.10, 0.16; p = 0.66, data not shown). Associations between UAs and RBC and HCT/ PCV as well as other parameters were similar to those observed in relation to WAs (data not shown). However, a significant inverse correlation was observed between UAs and Hgb (β = −0.38, 95% CI: −0.65, −0.12; p = 0.005, data not shown). Table 2 shows associations of As exposure with hematological parameters in adjusted models. With adjustment for the covariates including age, BMI, educational attainment, smoking, and PAH-DNA adducts, significant inverse associations were observed between WAs and RBC (β = − 0.13, 95% CI: − 0.19, − 0.07; p b 0.0001) and HCT/PCV (β = − 0.68, 95% CI: − 1.17, − 0.19; p = 0.008). The relationship between RBC and HCT/PCV with UAs was found to be slightly stronger (Table  2) . Similarly, a strong positive correlation was observed for total white blood cell counts (WBC) (β = 516.11, 95% CI: 70.16, 962.06; p = 0.002) in relation to UAs.
Relationships of urinary As metabolites and hematological parameters
We further examined the role of UAs metabolites on hematological parameters in adjusted models (Table 3) . Associations between UAs metabolites and hematological parameters were consistent with those observed for water and UAs. We observed a significant inverse relationship between RBC and InAs (β = Table 4 shows relationships between As exposure and hematological parameters among smokers and non-smokers. Among non-smokers, the negative correlation with RBC remained significant in relation to WAs. Interestingly, the magnitude of the associations of As exposure, particularly with UAs on RBC (β = − 0.4, 95% CI: − 0.66, −0.14; p = 0.005) as well as HCT/PCV (β = − 1.98, 95% CI: − 4.19, 0.23; p = 0.08) became stronger among smokers. Additionally, there was also a strong effect of UAs on Hgb among smokers in relation to UAs (β = −0.54, 95% CI: −1.09, 0.00; p = 0.05). In contrast, a significant association was observed for WBC with WAs as well as UAs, which was non- significant among smokers. We have found a marginally significant interaction with WAs and smoking (p = 0.09) on RBC.
Relationships of As exposure and hematological parameters by smoking status
Discussion
The goal of this study was to evaluate the effects of chronic drinking water As exposure on clinical indicators of anemia among healthy male smokers and non-smokers in the HEALS cohort living in rural Bangladesh. To our knowledge, the present study is the first to investigate associations between As exposure (as indicated by WAs, UAs, and UAs metabolites) and clinical indicators of anemia among smokers. A dosedependent reduction in RBC and HCT/PCV was found with increasing WAs levels. In models adjusted for age, BMI, educational attainment, smoking, and PAH-DNA adducts, inverse relationships were also found between measures of As exposure and RBC and HCT/PCV. The correlations between As exposure with RBC and HCT/PCV became stronger among smokers, suggesting potential interactive effects between As and smoking on clinical indicators of anemia. Additionally, associations between As exposure and WBC and white blood cell subsets were also identified.
A high prevalence of anemia exists among the general population in rural Bangladesh (Ahmed, 2000; Jamil et al., 2008) . Anemia in this region is often associated with nutritional deficiencies of iron, folate, and vitamins B 6 and B 12 (Ahmed, 2000) , but a number of studies have also reported As exposure to be a contributing risk factor Heck et al., 2008; Surdu et al., 2015; Kile et al., 2016) . Nearly all of these referenced studies only included women, so there is a lack of information concerning the relationships between As exposure and anemia among men. A previous study by Heck et al. (2008) , found that men exposed to elevated As were susceptible to anemia, whereas only women with predispositions (i.e., Hgb b 10 g/dL) showed a relationship between As exposure and anemia. These findings emphasize the need for gaining a deeper understanding of the influences of As exposure and anemia among men.
We found an inverse relationship between As exposure and RBC, which is consistent with previous findings indicating As-induced toxicity to red blood cells (Winski et al., 1997; Winski and Carter, 1998; Zhang et al., 2000; Biswas et al., 2008; Mahmud et al., 2009) . As has been shown to cause oxidative stress, deplete intracellular ATP, and to alter the morphological characteristics of red blood cells resulting in compromised membrane integrity, eryptosis, and intra-and-extravascular hemolysis (Winski and Carter, 1998; Biswas et al., 2008; Mahmud et al., 2009) . As exposure has also been reported to contribute to anemia in humans and rodents by depressing the function of the bone marrow (Szymańska-Chabowska et al., 2002) . There is a possibility that the inverse relationship between As exposure and RBC is related to reduced erythropoietic capacity of the bone marrow. In fact, we recently reported that drinking water exposure of adult male mice to low levels of As +3 (500 μg/L) disrupts erythropoiesis in the bone marrow by inhibiting the colony-forming ability of early erythroid progenitors and suppressing the differentiation of later stage erythroblasts (Medina et al., 2017) . The main form of As found in drinking water in Bangladesh is As +3 , which is the most toxic inorganic arsenical (Styblo et al., 2000) . In the body, As +3 is metabolized through a series of oxidative methylation and reduction reactions catalyzed by the As (+3 oxidation state) methyltransferase enzyme to monomethylarsonic acid (MMA +5 ), monomethylarsonous acid (MMA +3 ), dimethylarsinic acid (DMA +5 ), and dimethylarsinous acid (DMA +3 ) (Thomas et al., 2001; Vahter, 2002) . MMA +3 and DMA +3 are the most toxic forms of
As and are considered more cytotoxic, genotoxic, and to exert greater inhibitory effects on the activity of certain enzymes than As +3 (Thomas et al., 2001) . MMA +5 and DMA +5 are the primary As metabolites excreted in urine and are less acutely toxic than As +3 (Vahter and Concha, 2001; Drobna et al., 2009 ). The relative amounts of excreted MMA to DMA are used as indicators to determine the efficiency of InAs metabolism and have been associated with severity of toxicological outcomes in a number of studies (Mäki-Paakkanen et al., 1998; Gamble et al., 2005; Steinmaus et al., 2006; Kile et al., 2011; Li et al., 2013) . Particularly, high levels of DMA in urine are indicative of more efficient As metabolism and are often associated with decreased toxicity (Vahter and Concha, 2001; Vahter, 2002) . We found a positive relationship between DMA and HCT/PCV, which likely reflects a greater As metabolic capacity among some participants. Multiple As forms exist simultaneously in the body (Vahter, 2002) , so it is possible that the discrepancy between the direction of relationship with DMA and RBC was influenced by toxic effects caused by other As metabolites.
Cigarette smoke has been shown to cause red blood cell hemolysis in animal models and humans (Minamisawa et al., 1990; Masilamani et al., 2016) . In a group of 62 men and women, Masilamani et al. (2016) recently found that smoking causes morphological abnormalities on the surface of red blood cells that result in hemolysis. The authors also indicate that such cell surface damage facilitates the entry of toxins into red blood cells (Masilamani et al., 2016) . The stronger relationships identified between RBC and HCT/PCV in smokers may therefore be attributed to potential interactive effects on red blood cell hemolysis induced by combined exposure to As and cigarette smoke. However, this hypothesis requires further investigation. The inverse relationship between UAs and Hgb is consistent with previous findings that As binds to heme and reduces heme metabolism resulting in decreased Hgb levels in red blood cells (Delnomdedieu et al., 1994; Hernández-Zavala et al., 1999; Lu et al., 2004) . It is interesting to note that this association was detected only among smokers. Previous studies have indicated elevated RBC and HCT/PCV among smokers (Sagone and Balcerzak, 1975; Nordenberg et al., 1990; Anandha et al., 2014) , but these studies did not consider the effects of combined exposures with other pollutants. This suggests that smoking may have differential effects on red blood cells when combined with other toxicants, such as As. Interestingly, As exposure and smoking were correlated with hematological indicators of immune status (i.e., WBC and white blood cell subsets). The loss of positive associations between As exposure and WBC among smokers as well as the inverse relationships between all UAs metabolites and lymphocyte percentages suggest potential immune alterations among study participants and will be the topic of our future investigations.
In summary, results from this study provide evidence that chronic drinking water exposure to As results in hematological alterations that are consistent with anemia in a male cohort of smokers and nonsmokers in rural Bangladesh. In addition, we also found that smoking may exacerbate As-induced effects on clinical indicators of anemia. Collectively, these findings show that men are sensitive to As-induced anemia and emphasize the necessity for further research concerning the mechanistic basis for the relationship between chronic As exposure and anemia.
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